Transport infrastructure plays a central role in rural development, yet little is known about the size and especially the distribution of benefits from road investments. This paper develops and implements a method for nonparametrically estimating the benefits from road projects at the household level using the relationship between the value of farmland and its distance to agricultural markets. The empirical analysis, using data from Nepal, suggests that providing extensive road access to markets would confer substantial benefits on average, much of these going to poor households. However, the benefits would not be large enough or targeted efficiently enough to appreciably reduce income inequality in the population.
I. Introduction
Rural infrastructure is a major development priority (World Bank, 1994 ), yet little is known about the size and especially the distribution of benefits from such investments in LDCs. The distribution issue is salient, not only in the formulation of policy, but also in understanding the political constraints on the allocation of infrastructure investment.
Rural roads are an important form of public infrastructure, providing cheap access to both markets for agricultural output and for modern inputs. Given limited policy instruments for reaching the remote rural poor, road-building would seem desirable on distributional grounds. On the other hand, the benefits of infrastructure projects accrue mainly to landowners, who are generally not among the very poor. Thus, the extent to which rural road construction ameliorates income inequality is ultimately an empirical question. 1 In this paper, I examine the distributional consequences of rural roads using data from Nepal, a country with a largely agrarian economy, a sparse highway network, and extremely difficult terrain. To this end, I develop an empirical methodology for nonparametrically estimating the household-specific benefits from alternative road projects using information on the value of farmland and distance to agricultural markets. If land behaves like a standard asset, which is a testable assumption, then its value equals the discounted stream of maximal profits from cultivation. Hence, the income gains from lower transport costs should be capitalized in land values. With an estimate of the land value-distance relationship in hand, it is possible to describe the joint distribution of hypothetical road project benefits and household income. 1 Howe and Richards (1984) discuss some distributional aspects of rural roads and present case studies. Also, van de Walle (1996) uses micro-data and a profit function approach to examine the distribution of benefits from irrigation in Viet Nam.
In principle, road benefits could also be estimated from the relationship between farm profits and distance to markets. However, there are several difficulties with this approach, the most nettlesome of which is that survey data rarely, if ever, provide accurate information on an essential component of profit, the cost of transporting goods and agricultural inputs to and from markets. Another difficulty is that profit (or production) functions assume a fixed technology and thus cannot easily account for potential adaptations of farmers to greater remoteness from markets, such as substitution of traditional for modern inputs or away from transport-intensive crops. The relationship between land value and distance to market is immune from such difficulties.
To be sure, the idea of using land values to estimate the average benefits of infrastructure investments in a population is hardly new, though it has not to my knowledge been applied to rural transport. In any case, such estimates do not address the primary question of this paper, which is a distributional one. The innovation here is to link a household-level benefit estimate with a measure of household income. In doing so, I take a nonparametric approach. While it is true that economic theory is largely silent on the parametric form of hedonic price functions (see Stock, 1991) , in practice, relaxing parametric assumptions in hedonic models is much more likely to matter for distributional questions than for questions about average benefits.
Theoretically, my analysis is based on the Ellet-Walters model of rural transport (see Walters, 1968; Gersovitz, 1989) , in which land rents decline with distance to markets through the influence of distance on effective prices. The model, laid out in the next section, provides a simple characterization of the potentially conflicting distributional consequences of road projects.
Section III discusses the nonparametric or, more precisely, semi-nonparametric estimation of the land value equation. Section IV describes the data, analyzes how farmer behavior is influenced by distance to market, and tests the appropriateness of a standard asset-pricing model for land. Section V presents the main empirical results, the analysis of land values and of the distribution of benefits from hypothetical road projects. Section VI concludes the paper.
II . Theoretical Framework

Basic Model
Farmers are assumed to cultivate a single crop using x kg per hectare of a modern input, say chemical fertilizer, and l hours per hectare of labor. Crop yield y (kg per hectare) is produced with a fixed technology represented by the neoclassical production function y f x l = ( , ). Let w be wage rate and ṽ and p be the "effective" or farm gate prices of output and fertilizer, respectively, discussed below. Per hectare land rent, ρ , is defined as the maximal profit that can be earned on a hectare of land,
and can be thought of as a long-run average.
Effective prices are determined by the economic geography, which is illustrated in Figure 1 . A highway of arbitrary length through the countryside runs through a large city where all fertilizer is produced and output is purchased. The highway transects a series of otherwise isolated mountain valleys along which all farms are located. This is a convenient fiction, but not unlike the geography of Nepal. The total cost of transporting goods between farms and the city has two components: a relatively large cost of headloading goods (i.e., using human porters) between the farm and the road and a relatively small cost of trucking goods along the road. All farmers trade agricultural output and fertilizer in a competitive market center located at the road juncture with their valley (markets at intermediate points up the valley are an inessential complication since goods must still be headloaded from the main highway). From a given farm, it takes h hours to walk to the market center and the portage cost of goods is b Rupees/(kg hours),
where b is proportional to the wage. If the money prices of fertilizer and output at a particular market center are v and p , respectively, then the effective purchase price of fertilizer is ṽ v bh = + Rupees/kg and the effective selling price of output is p p bh = − Rupees/kg. All labor can be obtained locally with zero transport costs.
Unprofitable land will not be cultivated, so the limit of cultivation in terms of walking time to the market center, h * , is implicitly defined by ρ( ; , , ) * h w p v = 0 . As figure 1 illustrates, h * declines across valleys as one moves away from the city, because p declines and v increases; ultimately, h * = 0 and all cultivation ends.
As to the relationship between land rent and travel time, by the envelope theorem
So, the negative rent gradient is just equal in magnitude to the total transport costs per hour per hectare. Furthermore, by the convexity of the profit function in prices,
Thus, along any given valley, the rent function is convex.
Notice that convexity of the rent function does not require that farmers both purchase fertilizer and sell output at the same time (though nonparticipation in the latter market means that rents depend upon the endogenous shadow price of output). However, if one moves far enough away from a market center, farmers may stop selling output and buying fertilizer altogether, and the rent gradient would be zero beyond this point (and thus the rent function not strictly convex). Convexity is also robust to the assumption of a single crop or production technology. Figure 2 shows how the rent function along one of the valleys in Figure 1 reflects the profit maximizing choice of available crops or technologies; as travel time rises, farmers may switch away from bulkier crops or from agricultural practices that are intensive in modern inputs.
Roads and Welfare
Using the above framework, consider the welfare implications of building a road of given length off of the main highway into a particular valley. The local scale of the project ensures that it has no general equilibrium effects on wages or prices. To avoid specifying the source of public finance, assume that the project is funded by earmarked foreign aid.
Let λ denote the length of the road in foot-travel (hours walking time) equivalents. By enabling truck transport, the road effectively cuts portage costs by some fraction µ. The new rent function, suppressing its dependence on prices and on µ, 2 is 2 The parameter µ reflects road quality. I do not consider the welfare effects of variation in µ because, as a practical matter, the cost of upgrading road surface (from earth to gravel or asphalt) far outweighs the small reduction in vehicle operating cost, once truck transport is feasible (Beenhakker and Lago, 1983) . Although improvements in road conditions, given surface type, can substantially reduce vehicle operating cost, these cost-savings are likely to be small compared to those of a new road. Of course, in the extreme case where an existing road is impassible to trucks, a road improvement is tantamount to a new road. Figure 3 illustrates the rise in land rents as a result of the project, along with the expansion in the limit of cultivation h * .
An interesting policy question concerns the length of the road, specifically whether it makes sense to build a lot of short roads or fewer long ones, given a fixed construction budget. A key input into this decision is the marginal social benefit of road length, where "society" in this case refers to the farmers in the typical valley. Suppose that household income z is determined by farm profit (land rent) and labor earnings, the latter which is assumed fixed across households for expository purposes; i.e., z
, where A is total landholdings and e is earnings. Let G h A ( , ) denote the joint cumulative distribution function for distance from market center and landholdings. Finally, let ψ ( ) z be the increasing, strictly concave, indirect utility function. Assuming it is additive, the social welfare function is
Notice that households already on a road do not benefit from its extension further up the valley (i.e., σ λ λ = < 0 for h ), so that differentiating (5) with respect to λ yields
To illuminate the distributional issues, it is instructive to fix land area for the moment and to decompose marginal social benefit as follows
The first term in (7) is simply the fraction of households living off the road. The first term in the curly brackets is the average marginal value of the road extension for these beneficiaries, assuming their marginal utilities of income and appreciations in plot value are uncorrelated. The second term in curly brackets accounts for this correlation, which must be negative because ′′ > ψ σ h A 0 and σ λh < 0 . In other words, farther up the valley, where land rents are low and thus households are poorer, rents rise by less due to the road extension. The size of this "targeting inefficiency" depends crucially on the shape of the rent function; indeed the covariance is zero if the rent function is linear in travel time. In sum, the marginal social benefit of a road extension is higher when: (i) the fraction of the population living off-road is higher; (ii) the average off-road household is poorer (i.e., has a higher ′ ψ ); (iii) the off-road rent gradient is steeper; and (iv) the targeting inefficiency (the covariance term) is smaller.
With land area variable the distributional issue becomes cloudier. First, for any given h, both the benefit from the road extension and household income are increasing in landholdings.
3 While this effect exacerbates inequality, there is also an effect working in the opposite direction. It is often the case in developing countries, and Nepal is no exception, that poorer households are found in more remote areas, perhaps because poor migrants settle on the fringes of cultivation. If A and h are negatively correlated, then the beneficiaries of a road extension (those off the original road) tend to be poorer, resulting in a greater marginal social benefit than if A and h are uncorrelated. Allowing earnings, e, to vary in the population complicates matters further, but the basic point remains, namely 3 Note that in this model renters do not benefit from road construction; their higher rent payments just offset the greater profitability of the land.
that road construction has ambiguous distributional effects. The goal of the empirical work is to resolve this ambiguity in the case of Nepal.
III. Econometric Specification
The theoretical analysis is framed in terms of rents, but my data are on land values at the plot level. According to the standard asset-pricing model
where V is the present market value of a plot of land and r is the constant discount rate.
4
Assume that this formula is valid, at least until it is tested in Section IV.
Besides negativity and convexity in h , economic theory imposes no restrictions on Clark et. al, 1993) .
5 Strictly speaking, this procedure is only an approximation. Since h enters effective prices linearly, log(ρ) cannot be additively separable in money prices. Even with accurate price data, it would be difficult to impose the full structure of the theoretical model in the estimation of the rent function. On the other hand, given the relatively low cost of trucking, it is unlikely that price variation along the main highway is sufficiently great to render this approximation inaccurate. market centers may be located closer to more fertile land, where rents are higher. Given these considerations, I take a semi-nonparametric approach by assuming that
where θ is a nonparametric function, X is a vector of plot characteristics, and M is a vector of regional dummy variables.
As to the dependent variable in (8), Colwell and Munneke (1997) warn against using land value per-hectare because plot values may be nonlinear in area. If so, and if parcel size is correlated with distance to market, then such a specification will lead to a spurious correlation between land value and distance. Including the log of plot area, A, to account for this nonlinearity in the empirical specification of (8) gives
which nests the value per-hectare specification when β = 1. Note, log ( ) θ h absorbs log( ) r , and the error term, u , reflects unobserved attributes of the plot.
Following Robinson (1988) and Stock (1991) , equation (9) can be estimated by first using bivariate kernel regressions to "partial out" h from both sides. Since the number of kernel regressions required equals one plus the dimensionality of ( A X M , , ), this method is computationally very expensive, especially given the large sample. A much cheaper approach uses the fact that h is a discrete valued regressor in the data with k distinct values. In the first stage, I include a k − 1vector of dummy variables D in (9) . Applying ordinary least squares (OLS) to this regression yields a consistent estimate of ( , , , ) β γ δ ξ . In the second stage, I
calculate ∃ ω for each observation and run a nonparametric regression of this variable against h to get a smoothed estimate of θ .
IV. Data and Preliminary Analysis
Nepal Living Standards Survey
The data for this study come from the 1995-96 Nepal Living Standards Survey Mendelsohn, et al., 1994 and the citations in Colwell and Munneke, 1997) or housing values (see Bartik and Smith, 1987) . measurement error in plot values will not affect the coefficients of a regression in which plot value is the dependent variable.
A unique feature of the NLSS questionnaire is that it collects information at the household level on access to 14 different facilities. For each facility, the survey asks about travel time (in minutes, hours, and days) and mode of transport; i.e., by foot (without load), bicycle, motorcycle, car/bus, and mixed (foot+vehicle). Keep in mind that collecting data on actual distance, even using satellite telemetry, would be of little value in mountainous Nepal (except perhaps in the Terai). However, I do not use the householdlevel travel time information directly. Instead, I take the median of travel times by "wards" (in rural areas these are villages and environs) based on households that report travel times by foot, which the great majority do. The advantage of this procedure is that it standardizes travel times for mode of transport, which is potentially endogenous, and it mitigates the measurement error that is likely to be present in household level travel times.
I focus on market centers and agricultural cooperatives, since these facilities are the most likely to offer the opportunity to sell output and purchase modern inputs. In fact, over two-thirds of the households who report using chemical fertilizers obtained them from agricultural cooperatives, and most of the rest from private traders. My measure of h is the minimum of ward-median travel times to the market center and agricultural cooperative. Ideally, travel times to all relevant facilities should be considered separately, but this would lead to multicollinearity problems, not to mention making nonparametric estimation practically impossible. Median travel time to a market center or a cooperative in the sample of 3,724 cultivating households is 2 hours (mean=2.8 hrs. 
Analysis of Fertilizer Use and Crop Sales
If proximity to markets influences land values through the effective prices of agricultural inputs and outputs, then purchases of modern inputs and sales of output should decline with distance from the market center. According to the model, observed fertilizer use per hectare, allowing for corner solutions, is x x w v p * max{ ( ,~,~), } = 0 . A similar equation holds for observed total crop sales per hectare, s * , except that sales also depend on household consumption decisions. Analyzing marketed surplus ( s * minus consumption) is problematic because transport costs drive a wedge between selling and purchase prices and net sellers respond differently to variation in these transport costs than do net buyers (see, e.g., Omamo, 1998 (Fan, 1992) .
The figures show that fertilizer purchases and crop sales per hectare decline steadily beyond travel times of about one hour. It is unclear why the curves are increasing for travel times of less than an hour, but one reason might be that cultivation is typically less intensive near urban areas. Also, comparing the curves based on OLS and tobit firststage regressions indicates that accounting for censoring makes little substantive 7 Twelve households are dropped because they are uniquely identified by their district and their value of h.
8 The first-stage parameter estimates are suppressed for brevity. To summarize, education of the head and the set of district dummies are jointly significant in all regressions, and the demographic variables (number of adult males and females and male and female children), included only in the crop sales equation to capture consumption variation, are also jointly significant.
difference. In sum, this analysis supports the notion that transport costs influence farm profits through input use and crop marketing decisions. The fertilizer result, in particular, confirms the importance of the intensive margin of cultivation, implying that the farm profit function, and hence the rent function, should be convex.
Analysis of Plot Values and Rents
Underlying the asset-pricing formula given by equation (8) and test whether η 1 1 = .
district dummies are included in the specifications. The overall rates of censoring in the samples are 43 percent for fertilizer and 49 percent for sales. Table 1 reports a series of estimators of η 1 that make progressively less restrictive assumptions about the form of correlation between log( ) ρ and the error term ζ . The OLS estimate in column (1) assumes that log( ) ρ and ζ are uncorrelated, and it falls well short of unity. However, one reason for this low estimate could be attenuation bias due to random measurement error in rents. Specification (2) thus instruments rents with plot area, which does indeed raise the estimate of η 1 , though it remains marginally below unity.
Specification (3) corrects for the possibility that credit market conditions (i.e., log( )) r and rents might covary across markets by including district fixed effects (using only districts that contribute more than one plot to the sample); η 1 is still precisely estimated, but it is no longer statistically different from unity. Finally, specification (4) includes household fixed effects, using the 90 households that contribute more than one plot to the sample.
This estimator corrects for the possibility that household-specific interest rates and rents are correlated, as well as for any selection bias induced by restricting the sample to those households that rent out land. This last estimate of η 1 is again indistinguishable from unity, so that the maintained assumptions of the asset-pricing model and of no systematic reporting bias in plot values cannot be rejected.
V. Main Results
Plot Values and Distance to Market
Information is available on a total of 13,672 plots owned by 3,621 households.
Plot characteristics include suitability for rice cultivation (khet land), whether irrigated, and if so whether seasonally or year round, mode of irrigation (tubewell, canal, other), system of irrigation (self-managed, agency managed, community managed), and the "quality" of the plot based on a four grade classification used by the land revenue department for tax assessments. Land value is missing for 13 plots and quality for 98 plots, so the plot value regressions are based on 13,651 observations. However, when
predicting plot values based on the regression results, these missing observations can be recovered by imputing plot quality with its modal value. Table 2 reports two specifications of the plot value regression. The first assumes that θ ( ) h h = and the second performs the first-stage in the semi-nonparametric estimation described in Section III. In both specifications, the plot characteristics have significant and sensible coefficients; for example, plots that are suitable for rice, plots with year round irrigation, 11 high quality plots, and, of course, larger plots are more valuable.
However, the value per-hectare specification ( β = 1 in equation (9)) is resoundingly rejected, which is important because plot size turns out to be negatively correlated with distance to markets. Thus, restricting β to one would have led to an underestimate of the rate of decline of land values with travel time (Colwell and Munneke, 1997) . As it is, travel time is strongly negatively associated with land values. Figure 6 (a) plots the ∃ ( ) θ h derived from the two specifications in Table 2 (normalized by taking deviations from means). In the first case, ∃ ( ) θ h h = −0.222 , which is obviously convex. The nonparametric estimate of θ( ) h (LOWESS; bandwidth=0.8) is also roughly convex, except that the function is increasing above travel times of 12 hours, 11 Since irrigation is an investment, which may be responsive to distance to market, I also ran the plot value regressions unconditional on the irrigation variables. In this case, the coefficient on log travel time is −0.225 (0.0217), which is almost identical to its value of -0.222 in specification (1) of Table 2. though only 5 percent of plots are located this far from markets. 12 To formally compare the parametric and nonparametric models, I use the bootstrap, drawing 100 percent random samples in two stages, first by sampling plots within households and then by sampling households. On each replication, the two models are run and the difference in the slope of ∃ ( ) θ h is calculated at each value of h. As a test of whether the actual slope differences in Figure 6 (a) are significantly different from zero, Figure 6 (b) plots, at each h, the ratio of the actual slope difference to the standard deviation over the 100 bootstrap replications. When the absolute value of this ratio exceeds 1.96, the equality of slopes can be rejected at the 5 percent level. That this hypothesis is rejected near the endpoints is perhaps not too surprising. However, the nonparametric estimate is also significantly steeper (more negatively sloped) than the parametric estimate in much of the one to three hour travel time range, where the data are most dense. Although other parametric models might fit the data better, this test shows that there is sufficient power to reject a reasonable parametric alternative, thus supporting a nonparametric approach.
Benefits and Distributional Consequences of Road Projects
The expected appreciation in value of a given plot as travel time falls from an initial value of h 0 to a value of
The last term in this expression takes into account unobserved heterogeneity in plot values, and can be estimated nonparametrically as the average exponentiated residual from 12 Bandwidth choice is subjective, but the main features of the nonparametric fit are robust to bandwidth. 14 In the few cases where the reduction in travel time occurs on the increasing portion of ∃ θ , benefit is set to zero. Note that it is not possible to calculate benefits from the additional land brought under cultivation as h * increases. However, as long as one considers a marginal road extension, these benefits are an envelope phenomenon and hence are zero. 15 All statistics reported for this sample (e.g., the expenditure deciles in Figure 7 ) are calculated using population weights to insure that they are nationally representative. Ninety-three percent of the households (on weighted basis) live in rural areas. Figure 7 shows that as the road is extended farther up the "representative" valley, benefits are targeted more progressively. Indeed, the distribution of benefits from a short road, one that extends a mere 1.5 hours walking time up the valley, is slightly regressive.
Sixty percent of the sample would lie along such a road, whereas 85 percent would lie along the 3-hour road and 98 percent would lie along the 8-hour road. The key factor behind the increasing progressivity is the strong tendency for poorer households to live farther away from markets, as confirmed by the nonparametric regression curve in Figure   8 . Evidently, this factor dominates the opposing tendency of poorer households to have less valuable landholdings, also illustrated in Figure 8 .
While suggestive, Figure 7 does not address the question of whether the benefits of a hypothetical road project are sufficiently large and distributed sufficiently progressively to reduce overall income inequality. To tackle this question first requires converting the capitalized benefits into a permanent income flow, which in turn requires an assumption about the discount rate, r. Suppose that current household expenditures equal permanent income. For a pure farm household, with no off-farm employment and which leases in no land, permanent income equals rV TOTAL , where V TOTAL is the sum of the value of all plots owned; more generally, income comes from other sources as well. Thus, in a regression of total household expenditures on V TOTAL , the coefficient on V TOTAL should equal the discount rate r, with other sources of income consigned to the residual. A slight refinement of this regression, which includes ward (village) fixed effects and which instruments V TOTAL for measurement error using total land area owned, gives ∃ . r = 0 058
where the zero subscript denotes values prior to the road project. Ω( ; ) λ ε represents the contribution of reduced income inequality to the increase in social welfare from the building of a road of length λ . Figure 9 plots Ω( ; ) λ ε using the Nepal data for λ 's ranging from 0.5 to 10 hours, beyond which value practically every household is on the road so that ′ ≈ W ( ) λ 0 . Note that putting all households in the sample on a road would raise z by ten percent, quite a substantial gain in permanent income. 18 Interestingly, at high values of inequality aversion ( ε = 4 ), building a short road actually increases income inequality ( Ω < 0 ). For any value of ε , the contribution of inequality reduction to the increase in social welfare rises with the length of the road, again because of the strong tendency for the poor to live in more remote areas. However, unless one chooses a value of ε above 2 or so, which is usually considered rather large, the increase in social welfare is due overwhelmingly to higher mean income. Rural road construction thus appears to be like a tide that lifts all boats rather than a highly effective means of reducing income inequality.
VI. Conclusion
Transport infrastructure plays a central role in rural development, but the distributional consequences of rural roads have not received adequate theoretical or empirical attention. This paper develops and implements a method for nonparametrically estimating the benefits from road projects at the household level and for examining the distribution of these benefits across income classes. The findings for Nepal suggest that providing extensive road access to markets would confer substantial benefits on average, much of these going to poor households. However, the benefits would not be large enough or targeted efficiently enough to appreciably reduce income inequality in the population (unless there is an exceptionally high degree of inequality aversion). Thus, while my analysis may paint a more optimistic picture than the World Bank's (1994, p. 80) general assessment that infrastructure is "a blunt instrument for intervening directly on behalf of the poor," rural road construction is certainly not the magic bullet for poverty alleviation.
Another lesson of this research is that data on land values and characteristics, particularly at the plot level, can be extremely useful in measuring the benefits of infrastructure investments in LDCs, and not just of rural roads. To be sure, land may not always behave like a typical asset, so that benefit capitalization may be imperfect, but the asset-pricing model can be tested to determine whether the methodology developed in this paper is appropriate in a particular context.
Finally, it is important to mention the other benefits of rural roads besides cheaper transport to and from agricultural markets, such as better access to schools and health facilities and, more generally, to a greater variety of consumer goods. Insofar as farmers prefer to live near their farms, at least some of these gains are likely to be capitalized in farmland values. Separating out these distinct benefits of rural roads is left as a topic for future research. 
